Abstract|In the present paper we provide an answer to the longstanding question of designing asymptotically stable proportional plus integral regulators with only position feedback for robots with uncertain payload. It has recently been shown in 1], 2] that globally asymptotically stable set-point regulators for robot manipulators without velocity measurement can be obtained replacing the velocity feedback of a proportional plus derivative controller by a ltered position feedback. In these schemes, the only robot prior information required is the evaluation of the gravity forces at the reference (constant) position. This prior knowledge is used to shape the robot potential energy to have a unique minimum at the desired position. A mismatch in the estimation of the gravity forces leads to a position steady-state error. Our main contribution is to obviate the need of this prior information via the inclusion of two integral terms, around the position error and the ltered position respectively. Semiglobal stability of the resulting control law is established.
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I. Introduction and Literature Review
It is now well known that the physical structure of the robot, and in particular its passivity property 3], can be suitably exploited to design robustly performant simple (proportional integral derivative (PID)-like) controllers with little robot prior knowledge. This fact, which provides the theoretical foundation of current robot control practice, has motivated several researchers to explore further advantages of these so-called passivity-based controllers 1 . In this paper we propose a controller, denoted PI 2 D, to solve the problem of position feedback regulation of n degrees of freedom rigid robots with uncertain payload.
The robot kinetic energy is given by T(q; _ q) = 1 2 _ q T D(q) _ q, where q 2 R n represents the link positions, D(q) = D T (q) > 0 is the robot inertia matrix, and the potential energy generating gravity forces is denoted by Ug(q). Applying Euler-Lagrange equations we obtain the well known model 6] D(q) q + C(q; _ q) _ q + g(q) = u (1) where g(q) := @Ug @q , C(q; _ q) _ q represents the Coriolis and centrifugal forces, and u are the applied torques.
To put our contribution in perspective, we will brie y review below some of the existing results of passivity-based control laws, see also 4]. To this end, we de ne the controller structure u = ?KPq ? v1 ? KDv2 (2) whereq := q?qd, qd is the desired link position which is assumed to be constant, v1; v2 are signals to be de ned below, and KP , KD are positive de nite diagonal matrices. Adaptive control is an alternative approach to remove the assumption of known gravity forces 3 . In this case we select a parametrization of g(q) as g(q) = (q) , where (q) is a measurable regressor and is a vector of unknown constant parameters. A certainty equivalent PD plus adaptive gravity compensation controller is obtained replacing in (2) v1 = ? (q)^ ; v2 = _ q (4) In 13] it is shown that if the parameters are updated with a normalized estimator then global convergence follows. The normalization, rst introduced by Koditschek in 14] , is needed to attain globality {the unnormalized case being only semiglobally stable{. The establishment of this result also uses the Lyapunov function with the cross term mentioned above, but this time normalized. An improvement upon this result is due to Kelly 15] where it is proven that global convergence is still preserved if in the estimator we replace the regressor (q) by (qd). This result is fundamental for the solution of the output feedback problem of interest here, since in this case (qd) being constant allows us to integrate the velocity term in the parameter update law and incorporate it as a proportional feedback in the control law (4) . Concerning the velocity measurement assumption, (linear) control laws that obviate the need of this signal preserving GAS have been recently (and independently) proposed in 1], 2] and 16]. For instance, it can be shown that replacing velocity measurement by approximate di erentiation, that is, setting v1 = ?g(qd); v2 = diag bip p + ai q where ai and bi are arbitrary positive constants, p = d=dt denotes the di erential operator, yields a GAS closed-loop. It is worth mentioning that the results in 2] (see also 17]) apply also to the exible joint robot case under the practically reasonable assumption that \elasticity dominates gravity forces". To the best of our knowledge the problem of designing an asymptotically stable regulator that does not require the exact knowledge of g(qd) nor the measurement of speed is as yet unsolved. The main contribution of the present paper is to present a semiglobally stable control law that solves this problem. The controller is obtained 1) observing, as pointed above, that the velocity term used in the estimator of 15] can be removed; 2) replacing the damping injection term by a ltered velocity feedback as in 1]; 3) adding an extra integral term in the ltered position. The presence of the double integration action, together with the PD term motivates the name PI 2 D. A second contribution is that we give simple explicit tuning rules for the controller gains, which require only information on kg, and some bounds on the inertia and C(q; _ q) matrices.
Section 2 of this paper contains our main result whose proof is given in Section 3. A passivity interpretation of the result, and in particular of the signi cance of the cross term used in the Lyapunov function, is presented in Section 4. We wrap up the paper with some concluding remarks and open problems.
II. Main Result
In this section we present our semiglobally stable output feedback PI 2 D regulator.
Proposition 1.
Consider the robot model (1) 
where M ( ); m( ) denote the maximum and minimum eigenvalues respectively, and kg satis es (3).
Under these conditions, we can always nd a (suciently small) integral gain KI such that the equilibrium x := q T ; _ q T ; # T ; T ? g T (qd)] T = 0 is asymptotically stable with a domain of attraction including x 2 R 4n : kxk < c3 (8) where lim m(B)!1 c3 = 1. In other words, given any (possibly arbitrarily large) initial condition kx (0) (11) It is easy to see that, with the state vector x 0 := q T _ q T # T z T ] T , the unique equilibrium point of (11) is the trivial one.
B. Lyapunov Function Candidate
We will now construct a Lyapunov function for (11) whose derivate is negative de nite inq; _ q; #. To this end, remark that the rst two equations of (11) 
with dm := m(D(q)) and dM > (20) insures W3 is positive de nite. Thus, V is positive de nite for su ciently small, which entails, via (10), KI su ciently small. The third right hand term of (14) (23) where the left hand side is positive due to (6) . Finally, the last term in (14) is negative if m(KDB ?1 A) 2 M (KD) > (24) notice that (21), (22) and (24) are satis ed for su ciently small. Therefore, (14) 6 Observe that we give this condition in terms of the original state x, instead of x 0 . This in order to derive the domain of attraction (and prove the semiglobal stability claim that requires arbitrarily small) in the coordinates x.
In a similar manner, an upperbound on (13) We have provided in this paper a solution to the problem of set point regulation for rigid robots without velocity measurements nor exact knowledge of the payload. The main features of our scheme are: 1) It insures semiglobal stability of the desired equilibrium point; 2) only measurement of joint position is needed; 3) the only prior knowledge required for its implementation are upperbounds on the parameters of the gravity forces and the inertia and Coriolis matrices. Thus overcoming the important drawback of lack of robustness of all schemes that rely 7 on exact open-loop precompensation of the gravity forces; 4) the controller is a linear time invariant PI 2 D; 5) the stability analysis relies on basic Lyapunov theory with the Lyapunov function motivated from energy considerations. Three interesting open problems remain to be solved and are currently under investigation. First, evaluation of the robustness of our scheme in the face of joint exibility, and the required modi cations (if needed) to insure some stability properties. Some preliminary calculations, and the very interesting recent results on output feedback tracking of 24], lead us to believe that feedback of the link (instead of motor) position is required. Second, current research is under way to carry-out a \fully input-output" proof of the main stability result using local passivity of the subsystems and output detectability a la 22]. It is not clear at this point, under which conditions local passivity is invariant to feedback interconnection. Finally, we are working towards the incorporation of the present result into the framework of passivity-based control of general EulerLagrange systems advocated in 25], 5].
